ey i ABSTRACT
_Varietal purity in wheat (Triticum aestivuim L. :
;}{;E;eed production is necessary for agronomic
_uniformity and to enable potential market segre-
‘gation. We conducted a survey of certified and :
farm-saved seed samples using a nontrans-
‘genic imidazolinone-resistant (IR) wheat culti-
var in 2004 and 2005 in eastern Colorado. The )
* objective was to compare varietal purity based
on type of seed producer and IR wheat history. -
Ninety-two samples of non-IR varieties were
taken from certified and farm-saved seed grow- %
© ers, who either produced or had never produced
IR wheat. Adventitious IR seeds were detected .
using a seed-soaking technique in samples
.. from each producer type and each IR PFOdUF
“tion history. Levels of IR seed ranged from 0 1
. 11.28%. One certified sample and three farm-
.. saved samples exceeded the 0.1% threshold for
off-types in certified wheat seed. Using a two-
factor analysis, farm-saved production class
and positive IR history increased the estimated : A
.. proportion of adventitious seed. Based on
“" grower interviews, higher levels of adventitious
seed presence were associated with vqunteer’ ;
plants from previous crops of the resistant cul- i%f
tivar and mechanical mixture during harvesting. ..
-Production practices for certified seed address ..
~ these factors and may need to be strengthened -
:. if more stringent purity criteria are adopted. This
* information is important for risk assessment and
. policy development for potential commercial ;
« release of transgenic wheat kvarietfes,.r N e
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ENE FLOW in wheat (Triticum aestivum L) may occur via pol-
Glen movement between fields and by adventitious, or unin-
tentional, presence of a different variety in an otherwise pure seed
lot. Gene flow in wheat cropping is currently a concern for certi-
fied seed production (Hucl and Matus-Cadiz, 2001). The poten-
tal for gene flow is also a component of risk assessment for all
genetically engineered (GE) crops (Andow and Zwahlen, 2006).
No GE wheat varieties have been commercialized to date, but
information about the two sources of gene flow in wheat is rel-
evant for developing appropriate seed production practices.

Littde information is available on seed-mediated gene flow
occutring during wheat seed production. The origin of off-types in
pedigreed wheat seed production has been evaluated by Appleyard
et al. (1979) and Hucl et al. (2004), but these studies did not address
production practices thac might impact the magnitude of seed-medi-
ated gene flow. Production practices that could potentially influence
seed-mediated gene flow may include volunteer plants from previ-
ous crops and mechanical mixture during harvesting and seed clean-
ing. The current certified seed standard for allowable presence of a
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detectable off-type variety in a Colorado certified wheat seed
loc 1s 111 1000, or 0.1% (Colorado Seed Growers Assaciation,
2003), but no standard exists for purity of farm-saved seed.
Approximately 24% of grain production in Colorado is from
fields planted to certified seed, indicating that most wheat
n Colorado is produced from farm-saved seed (B. Erker,
Colorado Seed Growers Association, personal communica-
tion, 2006). Seed-mediated gene flow from seed production
practices, whether certified or farm-saved, may contribute
to adventitious presence of undesired seed in wheat seed or
grain lots.

Imidazolinone-resistant (IR) wheat is useful for nanag-
ing jointed goatgrass (Aegilops cylindrica Host) in wheat (Ball
et al, 1999). Because wheat and Jointed goatgrass share the D
genome, wheat pollen can fertilize jointed goatgrass (Hanson
et al,, 2005) and the resulting hybrid can serve as a bridge
to transfer herbicide resistance to Jointed goatgrass (Wang et
al,, 2001). Resistance management plans have been devel-
oped to reduce the risk of gene Introgression from IR wheat
to jointed goatgrass when IR wheat is planted intentionally
(Tan et al, 2005), and one component of resistance manage-
ment 1s a prohibition on saving IR wheat seed for replanting,
Adventitious presence of IR wheat in either farm-saved or
certified non-IR wheat seed lots due to seed-mediated gene
flow could increase the risk of gene introgression from wheat
to jointed goatgrass.

The release of the nontransgenic IR hard red winter
wheat cultivar ‘Above’ (Haley et al., 2003) provided an ideal
candidate trait for measuring seed-mediated gene flow. The
herbicide resistance trait is a single-gene partially domi-
nant trait on chromosome 6L resulting from a chemically
mduced mutation in the acetolactate synthase (ALS; EC
4.1.3.18) gene (Tan et al., 2005). This variety was released to
seed producers in 2001 and to commercial growers in 2002,
The possibility exists that seed-mediated gene flow may
occur during seed production. The magnitude of seed-medi..
ated gene flow may depend on IR wheat production history
as well as seed production class (certified or farm-saved). The
objective of this study was to compare varietal purity of cen-
tral western Great Plains certified and tarm-saved seed pro-
duction systems based on the probability of adventitious TR
wheat occurrence in non-IR. wheat seed lots.

MATERIALS AND METHODS
Sample Collection

Candidate certified seed producers were identified through the
Colorado Seed Growers Association. Candidate producers for
farm-saved seed samples were identified through Colorado State
University Cooperative Extension agents and personal contacts.
Producers willing to participate in the study were classified by
whether they had produced the IR wheat cultivar Above dur-
ing the 2005 growing season or any previous growing season.
Information about previous crop rotations, harvesting meth-
ods, and seed cleaning was obtained through interviews wich

participating producers.

Each seed sample was from 4 distinet seed lot based on
variety and production classification. Certitied seed samples of
160 g were taken from representative seed lot samples kept in
storage in the Colorado Seed Testing Laboratory (Fort Collins,
CO). These samples had been harvested, cleaned, and collected
according to Colorado certified seed protocols, Cooperating
farmers and extension agents obtained representative samples
of farm-saved seed used for planting. These samples ranged in
size from 1 to 2 kg,

Fifty samples of seed produced in 2004 or 2005 were col-
lected from five certified seed producers who had grown Above
both years. Seventeen samples of seed produced in 2005 were
collected from five certified seed producers who had never
grown Above. Twelve samples of sced produced in 2005 were
collected from eight producers who saved seed of non-IR
varieties grown on their farms and also grew Above. Finally,
13 samples of seed produced in 2005 were collected from 10
producers who saved seed of non-IR. varieties grown on their
farms and had never grown any IR wheat.

Screening Method Development

The imidazolinone resistance trait of Above wheat provided
a selectable marker that was used to screen large samples. A
seed-soaking method was used to determine the frequency of
herbicide resistant seed in each sample. A dose response experi-
ment was conducted using Above and the non-IR wheat culti-
var ‘lke’ (Martin et af., 1995) to test the seed-soaking method.
For this test, 3-g seed samples were incubated on a shaker table
at 50 rotations min™ for 24 h in solations of 0, 1, 5, 10, 20, 50,
100, 200, and 500 M of imazamox [(RS)~2~(4~isopropyl-4~
methyl—S-oxo«ZOimidazolin—2-yI)-5—methoxymethyInicotinic
acid] herbicide. To ensure that the method would be able to
select heterozygote as well as homozygote-resistant individuals,
heterozygote seed from controlled crasses of Above by non-IR
wheat were also evaluated. As 2 limited number of heterozy-
gote seed were available only two concentrations of imazamosx,
20 and 50 pM, were tested.

The seeds were planted into 15- by 10-cm pots contain-
ing commercial botting media (Sunshine Mix no. 3, SunGro
Horticulture, Bellevue, WA). A further 2 cm of potting media
was placed over the seeds. The pots were placed in 2 green-
house under natural light conditions supplemented with 400 W
sodium halide lamps to provide a 14-h daylength and watered as
required. Daytime temperatures were approximately 24°C and
nighttime temperatures were approximately 18°C. The experi-
ments were assessed 10 d after sowing and plants that emerged
from the potting media and reached the two-leaf stage were
considered to have emerged. The experiments were repeated
twice with three replicates in each experiment.

Sample Screening

A total of 150 g of seed from each production class sample
was split into two 75-g portions, placed in I-L glass jars, and
mixed with 250 ml of 3 25 pM solution of imazamox to test for
presence of IR seed. The samples were thoroughly mixed and
placed onto a shaker table ar 50 rotations min™ for 24 h. Each
seed sample was then spread on the surface of potting media in
2 30~ by 60-cm flat and covered with 2 cm of potting media,
The fats were placed in 2 greenhouse under the same hghe
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and temperature conditions used in the method development.
Plants were watered daily.

A subsample of 3 g was taken from each sample to estimate
expected germination. These subsamples were soaked in 10 mL
of distilled water for 24 h and then planted in potting mix and
placed in the same greenhouse conditions as described above.
A count of totdl emerged plants was taken 2 wk after plant-
ing. The number of emerged plants from the 3-g subsample
was used to calculate the expected germination from the 150-g
sample used for screening.

A foliar application of imazamox was applied to samples 10
to 14 d after emergence to eliminate any susceptible plants that
escaped imazamox treatment during seed soaking. The applica-
tion rate was 35 g ha™ imazamox with 0.25% {v/v} nonionic sur-
factant (Activator 90, Loveland Industries Inc., Greeley, CO) and
1.0% (v/v) urea anumonium nitrate in a pressured spray chamber
calibrated to deliver 187 L ha™ at 206 kPa. Seedlings were clipped
with electric shears 2 d after spraying to remove the top leaves
and plants that regrew were considered resistant. A total count of
resistant plants from each sample was taken and survivors were
transplanted. The number of resistant plants was expressed as a
percentage of the expected number of germinating plants.

Leaf tissue samples were taken from surviving plants for
genetic analysis. A subsample of five surviving plants was taken
if a sample had more than 10 survivers. Using proprietary poly-
merase chain reaction (PCR) based protocols and primers from
the BASF Corporation (Research Park Triangle, NC), survi-
vors were tested for presence of the same mutation in the ALS
gene sequence as in the cultivar Above. The PCR. protocol
determined whether the surviving plants were homozygous or

heterozygous for the trait.

Data Analysis

The dose response data were analyzed by log-logistic analy-
sis (Seefeldt et al., 1995) using Prism (GraphPad Software, San
Diego, CA). The seed-lot data were analyzed as a two-factor
generalized linear mixed model using Proc GLIMMIX (SAS
Institute, 2005). Occurrence of imidazolinone resistant seed in
a2 sample was modeled as a binomial random variable. The logit
of the binomial probability was modeled as fixed effects of pro-
duction class (certified, farin-saved) and previous IR produc-
tion (yes or no) and an interaction. Grower and sample nested
within grower were normmal random effects nested within pro-
duction class and IR history. One-sided tests of main effects
were used due to the assumption that farm-saved production
and a positive history of IR production would not decrease the
probability of occurrence. Since production practices including
field rotations may vary across yeats for a grower, samples col-
lected from the same grower in two different years were treated

as samples from different growers.

RESULTS

Screening Method Development

In the dose response study, there was no significant differ-
ence between runs of the experiment, so data were pooled
across runs. The TR wheat cultivar Above emerged suc-
cessfully at all concentrations of imazamox up to 100 pM
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Figure 1. Response of a non-imidazofinone-resistant (‘tke’, ) and
an imidazolinone-resistant (Above’, @) wheat (Triticum aestivum
L} cultivar to 24-h seed soaking in various concentrations of
imazamox herbicide. Data are means with standard error bars of
six replicates across two experiments. Lines are log-logistic fits
to the data and are y = 100/{1 + g®824-0e083150 } for [kkg and y =
108.3/{1 + el@865-0g"-3.829) for Ahove.

(Fig. 1). The non-IR cultivar Ike was susceptible to ima-
zamox, with less than 2% of seedlings emerging at con-
centrations higher than 20 uM. Emerged seedlings of Ike
indicated that the screening method eliminated most sus-
ceptible seedlings but a small fraction did not imbibe suf-
ficient amounts of imazamox to inhibit germination. An
additional foliar imazamox application was necessary to
eliminate all false positives. The LD, for Above was 462
uM, whereas that of Tke was 6.7 pM. Emergence of the
heterozygotes was 100% at both imazamox concentrations
tested (data not shown); however, the heterozygotes were
stunted at 50 pM imazamox. Therefore, 25 pM imazamox
was chosen as the concentration for screening the seed lots

for resistance.

Sample Screening

The total emerged plants evaluated for each sample ranged
from 4000 to 7000. Imidazolinone-resistant seeds were
detected in samples from growers of each producer type and
with each IR production history (Table 1). Detected levels
of IR seed ranged from a low of 0.01% to a high of 11.28%.
One sample from certified IR Grower 5 (Table 1) consider-
ably exceeded the 0.1% certified seed threshold for presence
of other varieties with 4.2% IR wheat it a non-IR seed lot.
This seed was produced in a field that was in tlled fallow
the previous season and planted to Above wheat two seasons
previously. One certified non-IR. producer (Grower 9, Table
1) had detectable IR seed in one sample. This producer com-
mercially cleans wheat seed and cleaned seed for Grower 5
in 2005, which may explain the adventitious presence of [R.
wheat seed in one sample.

Three farm-saved samples from Growers 12 and 15
were higher than 0.1% resistant (Table 1). Grower 15 pro-
duced seed 1n a field that had been planted to Above wheat
two seasons previously. Grower 12 had not previously pro-
duced Above in the same field as the sampled seed lots, but
did harvest Above before harvesting the non-IR. varieties
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Table 1. Percentage imidazolinone resistant (IR} wheat (Triti-
cum aestivum L.} seed detected in non-IR wheat seed lots
from certified and farm-saved seed production.

Prtt);i::er hfsltf:ry‘ Year Grower ID sar?t;o)}es % IR seed?
Certified Yes 2005 1 3 0.03
2 7 0
3 7 0
4 7 0
5 5 4.2,002
Y 2004 1 4 0
QE"; 2 6 0
2 3 4 0
= 4 4 0
]
% 5 3 0
=l Certified No 2005 6 6 0
§ 7 1 0
— 8 2 0
o 9 6 Q.02
g 10 2 0
é’ Farm-saved Yes 2005 11 2 .03, 0.01
<< 12 3 11.28, 1.69
S 13 2 0.02
;:.: 14 1 0
; 15 1 0.25
“3 16 1 0
2 17 1 0
18 1 0
Farm-saved No 2005 19 4 0.02
20 1 0
21 1 0
22 1 0
23 1 0
24 1 0
25 1 0
26 1 0
27 1 0.02
28 1 0

imidazolinone resistant {R) wheat production history, indicating whether a pro-
ducer grew the IR wheat cultivar ‘Above’ {Yes) ar had never grown Above (Noj.

*Percentage of sesds screened that were confirmed 1R where % IR seed = number
of confirmed IR seeds/total emerged seeds x 100. Each value indicates a separate
sample for which IR was detected; any remaining samples from a grower with
no resistance detected are not listed. Underfined values indicate that plants were
confirmed as homozygous for the IR trait and values in italics indicate that one or
more IR plants were heterozygous for the IR trait,

with the same equipment. The high levels of IR seed in
these samples may be due to mechanical mixture at harvest,
or may reflect adventitious IR seed from previous years n
which Above was grown and non-IR seed was saved.

Results from Proc GLIMMIX indicated that varia-
tion due to production class (certified, farm-saved) was
significant at o = 0.05 (one-sided P = 0.0435). Variation
due to IR history was significant at & = (.1 (one-sided P =
0.0799). The interaction was not significant. The estimated
proportion of [R seed m the median sample of the median

producer was less for certified (8.4 X 107%) compared to
farm-saved (66 x 107¢), and less for negative IR history
(10 X 107%) compared with positive (54 X 10%) (Table 2).
On average, both producer types and both IR production
histories had an estimated proportion of adventitious pres-
ence that is considerably lower than the 0.1% threshold for
certified seed. However, these estimates do not indicate
that levels of adventitious presence substantially above the
0.1% threshold will not occur, as some samples did exceed
the threshold (Table 1).

Based on the PCR results, nearly all of the 30 resistant
plants tested (93%) were homozygous for the resistance
mutation; the remaining 7% (2 plants) were heterozygous.
All plants tested carried the mutant resistance allele. Plants
heterozygous for the mutation, as determined by the PCR
test, were found in one certified IR producer sample and
in one farm-saved IR producer sample, with the majority
of plants in both samples being homozygous. The sample
containing a heterozygous plant from Grower 5 (Table
1) was produced in a field that bordered Above wheat, so
pollen-mediated gene flow is a reasonable explanation. All
resistant plants from certified non-IR producer samples
and farm-saved non-IR producer samples were homozy-
gous (Table 1).

DISCUSSION

This study provides the first report of the frequency and
magnitude of adventitious presence of unintended wheat
seed during seed production in the central western Great
Plains growing region. These results indicate that seed-
mediated gene flow is occurring in both certified and farm-
saved seed production. Because most of the resistant plants
detected in non-IR seed lots were homozygous, seed mix-
ture is a more likely explanation for the source of gene flow
than pollen drift during the growing season, which would
have produced heterozygotes in the generation after cross-
pollination occurred. Although the detected resistance
could have developed through spontaneous mutation, this
1s unlikely because the PCR protocol specifically targeted
the mutant ALS allele carried by Above wheat and all tested
resistant plants contained this allele.

Analysis of the data indicates that certified grower
seed lots are less likely to have adventitious presence than
farm-saved grower seed Jots. These data are also sugges-
tive that adventitious presence of a particular variety is
more likely when a grower has a history of producing that
variety. The implication is that combining the higher-
probability production class (farm-saved) with the higher-
probability variety history (positive) produces the highest
adventitious presence.

These results are based on adventitious presence of a
nontransgenic wheat cultivar with no marketing restric-
tions, but they have implications for relevant policies
regarding production of wheat seed with genetic traits that
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Table 2. Estimated proportion of adventitious imidazolinone
resistant (IR) wheat (Triticum aestivum L.} seed in the median
sample of the median producer in each class.

Maineffect P Level ngg:ﬁ’gﬁ%ﬁ SE (x10-9)
Production class 0.0435  Certified 8.4 7.3
Farm-saved 66.0 50.0
IR history 0.0799 Yos 54.0 34.0
No 10.0 9.9

may be unacceptable 1n certain markets. A similar study
using certified canola (Brassica napus L) seed lots in Can-
ada found that herbicide resistance traits could be detected
in lots of nonresistant cultivars (Friesen et al.,, 2003) and
concluded that variety purity could not be maintained at a
99.75% level. The results of our study are consistent with
the canola study and indicate that a “zero-tolerance” pol-
icy for seed lot purity is unachievable under current wheat
seed production practices.

A potential source of seed-mediared gene flow 1s vol-
unteer wheat plants from previous crops. Volunteer wheat
seed can survive at least 16 mo in soil (Anderson and
Soper, 2003). Samples from two growers had levels of IR
wheat higher than 0.1% and were produced in fields were
IR wheat had been grown 2 yr previously. The Colorado
seed certification standards establish land requirements for
small grains (Colorado Seed Growers Association, 2003).
A certified seed crop must be planted on land that did not
grow the same crop in the previous season, while reg-
istered seed must be planted on land that did not grow
the same crop in the previous two seasons. A two-season
restriction is required when a white wheat follows a red
wheat or vice versa. These requirements recognize the
importance of minimizing volunteer wheat to produce a
pure seed lot. The two examples of detectable carryover of
IR wheat from a crop grown 2 yr previously indicate that
a two-season restriction may not always be adequate.

Mechanical mixture during harvesting and seed clean-
ing was apparently associated with IR wheat presence from
a farme-saved source. Colorado seed certification standards
establish requirements for thorough cleaning of equipment
before harvesting and for seed cleaning that would not apply
to farm-saved seed production (Colorado Seed Growers
Association, 2003). Based on the results of this study, require-
ments for equipment cleaning appear to be critical for reduc-
ing the frequency of adventitious seed presence. The level
of adventitious presence associated solely with seed cleaning
was less than 0.05% and is likely an acceprable level.

The presence of IR wheat in non-IR wheat seed lots
provides an unmanaged pollen source for transfer of herbi-
cide resistance to jointed goatgrass. Producers growing IR
wheat will likely apply an 1midazolinone herbicide during
a growing season, achieve good control of jointed goat-
grass, and reduce the chance of resistant hybrid formation.

Producers planting non-IR seed with adventitious IR seed
into a field containing jointed goatgrass would not apply
an imidazolinone herbicide, thereby increasing the hkeli-
hood of resistant hybrids occurring. Since volunteer IR
wheat was detected in seed from certified and farm-saved
seed growers, unmanaged volunteer IR wheat may also
contribute to gene flow to jointed goatgrass in subsequent
wheat cropping years after the use of IR wheat.

In conclusion, adventitious presence of nontransgenic
herbicide resistant wheat seed was detected from both cer-
tified and farm-saved seed producers. Based on grower
interviews, higher levels of adventitious seed presence
were associated with volunteer plants from previous crops
of the resistant cultivar and mechanical mixture during
harvesting. Seed cleaning was associated with much lower
levels of adventitious presence. Production practices for
certified seed address these factors and may need to be
strengthened if more stringent purity criteria are adopted.
This information is important for risk assessment and pol-
icy development for potential commercial release of trans-
genic wheat varieties.

Acknowledgments

The authors would like to thank the wheat producers who
provided seed samples for this study, Dr. Phil Chapman for
assistance with statistical analysis, and BASF Corporation for
providing the PCR protocol. Funding was provided by the USDA
Biotechnology Risk Assessment Program award number 2003-
33120-13993. We are also grateful to Ethan Waltermire of the
Colorado Seed Testing Laboratory, Alex Florez and Ross Hanson
of Dry Creek Seed Company, Brad Erker and Linda Munk of
the Colorado Seed Growers Association, Alan Helm and Bruce
Bosley of Colorado State University Cooperative Extension,
Gary Price of Gary Price Spraying, James Wittler, USDA-NRCS,
and Paal Campbell, USDA-ARS, for their assistance.

References
Anderson, R.L., and G. Soper. 2003. Review of volunteer wheat

(Triticum aestivum) scedling emergence and sced longevity in
soil. Weed Technol. 17:620-626.

Andow, DA, and C. Zwahlen. 2006. Assessing environmental
risks of transgenic plants. Ecol. Lett. 9:196-214.

Appleyard, D.B., J. McCausland, and CW. Wrigley. 1979. Check-
ing the identity and origin of off-types in the propagation of
pedigreed wheat seed. Seed Sci. Technol. 7:459~466.

Ball, DA, F.L. Young, and A.G. Ogg. 1999. Selective control of
jointed goatgrass (Aegilops cylindrica) with imazamox in herbi-
cide-resistant wheat. Weed Technol. 13:77-82.

Colorado Sced Growers Association. 2003, Colorado seed cer-
tification standards. Colorade Seed Growers Association
Fort Collins, CO. ,

Friesen, L.E, A.G. Nelson, and R.C. Van Acker. 2003. Evidence
of contamination of pedigreed canola (Brassica napus) sced-
lots in western Canada with genetically engineered herbicide
resistance traits. Agron. . 95:1342-1347.

Haley, $.D., M.D. Lazar, 1.S. Quick, JJ. Johnson, G.L. Peterson,
J-A. Stromberger, S.R. Clayshulte, B.L. Clifford, T A. Pester,

CROP SCIENCE, VOL. 47, MARCH—APRIL 2007

WWW.CROPS.ORG

753



ety of America, All copyrights reserved’

0cCl

nce S

Science. Published by Crop

Reproduced:-from Crop

Hanson, B.D, C A, Mallory-Smith, W.J. Price, B. Shafis, D.C. Thill,
and R.S. Zemetra. 2005. Interspecific hybridization: Potential
for movement of herbicide resistance from wheat to jointed goat-

Hucl, P, and M. Matus-Cadiz. 2001. Isolation distances for minimiz-
ing out-crossing in spring wheat. Crop Sci. 41:1348-1351.

Hucl, P, M.A. Matus-Cadiz, A.S. Szhota, A. Middleton, D.
Mooney, and J.L. Maruschak. 2004. Sources of off-types in
pedigreed seed of common spring wheat. Can. J. Plane Sci.

Marun, T], T.L. Harvey, D.L. Seifers, T.S. Cox, R.G. Sears, R K.

S.J. Nissen, P.H. Westra, FB. Peairs, and J.B. Rudolph. 2003,

Above winter wheat. Can. }. Plant Sci. 83:107-108.

grass (Aegilops cylindrica). Weed Technol. 19:674-682.

84:519-523.

Bequette, S.P. Curran, J.H. Hatchetr, O.K. Chung, and M.D.
Witt. 1995, Registration of Tke whear. Crop Sci. 35:285.
SAS Institute. 2005. Version 9.1. The GLIMMIX procedure. On-

line documentation. SAS Institute, Inc., Cary, NC.

Seefeldt, $.S., J.E. Jensen, and E.P. Puerst. 1995, Log-logistic anal-
ysis of herbicide dose~response relationships. Weed Technol.
9:218-227.

Tan, S.Y,, R.R. Evans, M.L. Dabhmer, BK. Singh, and D L. Sha-
ner. 2005. Imidazolinone-tolerant crops: History, current sta-
tus, and future. Pest Manage. Sci. 61:246-257.

Wang, Z.N., R.S. Zemetra, ]. Hansen, and C.A. Mallory-Smnich.
2001. The ferulity of wheat X jointed goatgrass hybrid and its
backcross progenies. Weed Sci. 49:340-345.

WWW.CROPS.0RG CROP SCIENCE, VOL. 47, MARCH=APRIL 2007



